Small-angle X-ray scattering (SAXS) is a widely used experimental technique, providing structural and dynamic insight into soft-matter complexes and biomolecules under near-native conditions. However, interpreting the one-dimensional scattering profiles in terms of three-dimensional structures and ensembles remains challenging, partly because it is poorly understood how structural information is encoded along the measured scattering angle. We combined all-atom SAXS-restrained ensemble simulations, simplified continuum models, and SAXS experiments of a n-dodecyl-β-D-maltoside (DDM) micelle to decipher the effects of model asymmetry, shape fluctuations, atomic disorder, and atomic details on SAXS curves. Upon interpreting the small-angle regime, we find remarkable agreement between (i) a two-component tri-axial ellipsoid model fitted against the data with (ii) a SAXS-refined all-atom ensemble. However, continuum models fail at wider angles, even if they account for shape fluctuations, disorder, and asymmetry of the micelle. We conclude that modelling atomic details is mandatory for explaining SAXS curves at wider angles.
However, additional challenges emerge from a lack of understanding on how structural and dynamic information is encoded along the measured scattering angle. An exception is the very low-angle Guinier regime, which provides the radius of gyration of the solute. 24 Further, for SAXS data of detergent micelles, the position of a broad maximum of the intensity curve I(q) was shown to correlate with the headgroup-headgroup distance across the shortest micelle diameter (see Fig. 1A/B ), 12 while the position of the first minimum was shown to be sensitive to the overall micelle volume. 25 However, the information in the magnitude of the I(q) features, and in particular the information at wider scattering angles is poorly understood, which complicates the interpretation of the data. For instance, given that an experimental SAXS curve differs from a curve computed from a structural model, it is often unclear if such discrepancy originates from experimental problems or from a simplification in the model, such as an assumed model symmetry, neglect of shape fluctuations, or neglect of atomic details.
To investigate the structural information in SAXS curves of soft-matter complexes, we measured the SAXS curve of a n-dodecyl-β-D-maltoside (DDM) detergent micelle 26 up to q = 6 nm −1 , where q = 4π sin(θ)/λ with the X-ray wavelength λ and the scattering angle 2θ. Using a recently developed method for coupling parallel-replica MD simulations to experimental SAXS data, 27 we refined a heterogeneous atomic ensemble against the data with commitment to the principle of maximum entropy. 28, 29 Having the atomistic ensemble in agreement with the data as a reference, we deciphered step-by-step the influence of model symmetry, shape fluctuations, disorder, and atomic detail on SAXS curve, by comparing the results from MD simulations with simplified micelle models. In addition, to shed more light on the complementarity of SAXS and MD, we investigated which q-range of the SAXS curve are most critical for improving the agreement of MD simulations with experimental conditions.
To obtain the atomic ensemble of the DDM micelle under experimental conditions, we used all-atom MD simulations. First, we used a series of free, unbiased MD simulations to determine the most likely aggregation number N agg , i.e. the number of detergent monomers per micelle. By comparing the position of the pronounced minimum at q ≈ 1 nm −1 between the experimental curve and calculated curves, 25 we found that the most likely N agg under the given experimental conditions is 135 (Supporting Material). This value is in agreement with previously determined values at similar temperatures. 12, 25, 30 In line with previous findings, 25 the SAXS curve calculated from a free simulation of DDM micelle with N agg monomers yield (Fig. 1C ).
Next, to overcome force-field imperfection, we refined the MD ensembles with an energetic restraint against the experimental curve. To apply only a minimal bias we ran several parallel replicas and coupled the replica-averaged SAXS curve to the experiment. 27 This procedure follows Jaynes' maximum entropy principle in the limit of a larger number of replicas, 28, 29 and hence enforces that only the ensemble-averaged SAXS curve matches the experiment, but not necessarily the SAXS curve of each simulation frame. To test the effect of the number of parallel replicas, we refined ensembles using an increasing number of 1, 2, 4 (Movie S1), or 10 replicas, and we computed the SAXS curves and the micelle shape distributions from the refined heterogeneous ensembles ( Fig. 2A/B , Table 1 ). In this work, the micelle shape was quantified via the semi-axes a, b, c of the hydrophobic core (see Fig. 1B ), which were obtained from simulation frames every 10 ps via the instantaneous moments of inertia (SI Methods).
As expected, coupling only a single replica yields relatively narrow distributions of a, b, c,
indicating an overly restrained ensemble ( Fig. 2B , black) and a violation of the maximum entropy principle. Using multi-replica refinement, in contrast, the distributions become wider, in accordance to the maximum entropy principle (Fig. 2B, colored) . The average semi-axes agree among multiple-replica simulations, and they differ by only ≈ 0.1 nm from the values obtained from the single-replica simulations. However, irrespective of the number of replicas, all refined ensembles reveal quantitative agreement with the experimental curve ( Fig. 2A ),
suggesting that the SAXS curve encodes mainly the information about the mean micelle shape, and much less the information about the heterogeneity of the ensemble. Instead, MD simulations coupled to SAXS data with a minimal bias, as done here, are required to derive both the mean shape and the shape fluctuations.
Notably, in simulations with 10 or 20 parallel replicas, we reproducibly observed an unexpected horseshoe-shaped micelle in one or two replicas, respectively ( Fig. S2 they were successfully applied to derive the aggregation number of micelles. 12, 14, 32 Critically, fitting such models often leads to two disparate solutions, one prolate and one oblate, that match the data equally well. 37 Since the existence of the water droplet or vacuum void in the micelle hydrophobic core would be energetically unfavourable, 38 the physically relevant solution was chosen by requesting that at least one semi-axis is shorter than the tail length, thereby avoiding a void at the micelle core. Following this procedure, and in line with previous findings, 12 we confirmed that both the oblate and prolate solutions fit the data well at small angles, where only the oblate solution avoids a vacuum void at the micelle core. At wide angles, however, where the experimental curve continuously decays along q, both the oblate and prolate solutions reveal several minima and maxima in sharp contrast to the data ( Fig. 1D ). Moreover, a, b, c determined with the oblate/prolate fits disagree with the values determined using SAXS-driven MD ( Table 1) .
The disagreement at wide angles may potentially be consequence of several simplifica- improves the agreement to experiment, as compared to a single best-fitting model (Fig. 2C) .
Namely, although the spurious bumps q > 2.5 nm −1 are partly smeared out, the calculated curves decay too rapidly with q as compared to experiment. This finding further confirms that the SAXS curve of DDM micelle is mainly given by the average micelle shape, whereas shape fluctuations have only the minor impact on the SAXS curve. Notably, this finding is not trivial because SAXS curves of other disordered ensembles, such as ensembles of intrinsically disordered proteins (IDPs), could not be explained by a single average structure. 40, 41 This difference is likely a consequence of the moderate magnitude the micelle fluctuations as compared to the large fluctuations carried out by many IDPs. Further, the fact that greatly different distributions of a, b, c (from a single set up to heterogeneous distributions) lead to nearly identical SAXS curves up to 6 nm −1 (Fig. 2C) implies that micelle fluctuations can not be derived from a SAXS experiment alone.
Third, to investigate the effect of disorder at the core-headgroup and headgroup-water interfaces, we smeared out the density contrast along the radial direction with a simple Gaussian filter, providing a more realistic density profile (Fig. 3, inset) . The SAXS curve were with the experimental SAXS curve becomes even worse, as apparent from an even more rapid decay of the calculated SAXS curve at q > 2.5 nm −1 (Fig. 3, green and red) . The rapid decay of the SAXS curve of the N -component model (Fig. 3 , green) may be rationalized by the loss of density-density correlations as a consequence a smeared out density.
Taken together, the analysis demonstrates that accounting for shape asymmetry, fluctuations, and disorder may improve the agreement with experiment at wide angles only in a qualitative manner. Specifically, they largely remove the marked maxima and minima exhibited by the SAXS curve of the two-component oblate/prolate models, which indicated a spuriously high degree of symmetry and order in the oblate/prolate models (compare Fig. 1D with Fig. 3 ). To explain the wide-angle data quantitatively, we propose that, in addition, account for atomic details of both the micelle and the solvent are required, as captured by the MD simulations.
To decipher the role of atomic details on the SAXS curve at wider larger angles, we calculated the pair-distance distribution function P (r) from the calculated and from the experimental SAXS curves using the GNOM software 42 (Fig. 4A and Fig. S5 ). The P (r)
function is sensitive to density distribution of the micelle and provides more intuitive, realspace structural information. Evidently, the P (r) function from the ensemble-refined MD simulations favourably agree with the experiment (Fig. S5) , as expected from the agreement of the SAXS curve. In contrast, the P (r) function obtained from the two-component models differ from the experiment, most prominently at small distances r between 0.9 nm and 3 nm.
Namely, the features in the experimental or MD-based P (r) are smeared out by the twocomponent models, indicating a lack of structure at short-range, molecular distances (Fig.   4A ). In addition, the P (r) from the prolate/oblate fits strongly differ at larger distances from the experimental P (r), reflecting a too high degree of symmetry as compared to the experiment (Fig. S5) . To test how the lack of short-range structure propagates into the SAXS curve, we overwrote the P (r) from the shape-fluctuating two-component model with the experimental P (r) in different r-intervals, and subsequently back-calculated the SAXS curve via 43 I(q) = P (r) sin(qr) qr dr, using the pddffit module of the ATSAS software (Fig. 4B ). 44 Although there is no simple one-by-one relation between specific r-regions of P (r) with qregions of I(q), this analysis confirms that the short-range order (0 nm < r < 3 nm) has a strong effect on the SAXS curve at wider angles (q > 2.5 nm −1 ). Remarkebly, by replacing the region r = 0 nm to r = 3 nm of the the shape-fluctuating two-component model with the experimental P (r), we obtained very good agreement between experimental and calculated curve, suggesting that the discrepancy between experimental and SAXS curve calculated from fluctuating two-component ellipsoids is mainly recorded in the r = 0 nm to r = 3 nm region of the P (r).
To further investigate the structural information in different q-regions, and to test which part of the q-region of the SAXS curve plays the most important role in overcoming force-field imperfections during MD simulations, we performed the series of multi-replica SAXS-driven MD simulations using only specific q-intervals of the experimental curve as a target ( Table 2 and Fig. S6 ). Table 2 lists the semi-axes of the refined micelles. The difference between the SAXS curves from experiment and from the refined MD ensembles were quantified with a non-weighted χ 2 measure on a log scale, denoted χ 2 ln . Computed SAXS curves (Fig. S6) as well as the calculated semi-axes show that: (i) applying the 0 nm −1 ≤ q ≤ 3 nm −1 region leads to results that are very close to results obtained with using the whole experimental curve.
If instead even smaller-angle regions are applied (≤ 2 nm −1 or ≤ 1 nm −1 ), the agreement with the whole experimental curve still greatly improve. This finding demonstrates that the micelle shape is mainly encoded in the 0 nm −1 ≤ q ≤ 3 nm −1 region, as already indicated by fitting two-component tri-axial ellipsoid (see above). However, the Guinier region alone (≤ 0.5 nm −1 ) is insufficient for obtaining good agreement with the experiment; (ii) applying various intervals of the q > 3 nm −1 range leads only to a minor improvement compared to the free MD simulation. Taken together, these findings suggests that the MD force field already provides accurate description of the short-range order mainly encoded by the q > 3 nm −1 range, hence adding experimental data hardly improves the simulation. However, the force field alone has problems with defining the overall shape, as encoded by the q < 3 nm −1 ;
hence experimental data in this range greatly improves the simulation.
To conclude, we obtained an heterogeneous atomic ensemble of a DDM detergent micelle by coupling a set of parallel-replica MD simulations to an experimental SAXS curve. Because the multi-replica ensemble refinement method applies only a minimal bias, as requested by Jaynes' maximum entropy principle, the shape fluctuations of the free simulations were maintained. We found that scattering data at small angles (q < 3 nm −1 ) may guide the simulation into quantitative agreement with experiment, whereas scattering data at wider angles is matched already by free simulations with reasonable accuracy. This suggests that the force field is capable of reproducing the short-range structure of the micelle at atomic and molecular scales, but experimental data is needed to obtain the correct overall shape.
According to the refined ensemble, the DDM micelle at 15 • C adopts on average the shape of a general tri-axial ellipsoid. The major and middle semi-axes fluctuate by ∼20% and the minor semi-axis by 5-10%.
The refined atomic ensemble provided a reference to test whether the fitting of simplified analytic models to the data may provide physically correct micellar shapes. Remarkably, by fitting a two-component general tri-axial ellipsoid to the data, we obtained a micellar shape in quantitative agreement with the multi-replica ensemble refinement, suggesting that (i) the two-component tri-axial model was not overfitted, and (ii) that the SAXS curve up to q ≈ 2.5 nm −1 , in the case of DDM micelles, contains sufficient information for defining three independent semi-axis as well as the headgroup thickness. Upon restricting the fit to prolate or oblate shapes, however, we obtained different semi-axes, and the long-range structure quantified by the P (r) function disagreed with the experiment. Further, by increasing the complexity of the analytic micelle model step by step, we analyzed the role of model asymmetry, shape fluctuations, and disorder on the SAXS curve of the micelle. We found that these features partly improve the agreement with the experiment at wider angles, but, even when combined, they are insufficient for obtaining quantitative agreement. Taken together, atomic and molecular details, as naturally included in the MD simulation, are required to quantitatively explain the SAXS curve over the entire q-range.
